What mass are the smallest protohalos? 
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We calculate the kinetic-decoupling temperature for weakly interacting massive particles (WIMPs) 
in supersymmetric (SUSY) and universal-extra-dimension (UED) models that can account for the 
cold-dark-matter abundance determined from cosmic microwave background measurements. De- 
pending on the parameters of the particle-physics model, a wide variety of decoupling temperatures 
is possible, ranging from several MeV to a few GeV. These decoupling temperatures imply a range of 
masses for the smallest protohalos much larger than previously thought — ranging from 10"^ Mm 
to 10'^ M0. We expect the range of protohalos masses derived here to be characteristic of most 
particle-physics models that can thermally accommodate the required relic abundance of WIMP 
dark matter, even beyond SUSY and UED. 

PACS numbers: 12.60,13.15,98.80,98.65 



The physical nature of dark matter remains one of the 
major unsolved problems in theoretical physics and cos- 
mology. One of the leading candidates for dark matter is 
a weakly interacting massive particle (WIMP) Q. In the 
simplest models, WIMPs (which we denote by X) carry 
a conserved quantum number that renders them stable. 
When the temperature in the early Universe drops below 
mx, the WIMP abundance creeps down the Boltzmann 
tail until pairs of WIMPs can no longer find each other 
within a Hubble time, and the comoving number density 
of WIMPs becomes constant. Up to factors of a few, this 
freeze-out of the annihilation channel happens at a tem- 
perature Tfo TOx/20 and leads to a relic abundance of 
dark matter of flxh^ ~ (3 x 10~^^ cm^^s"^)/ {(Jav), where 
{aav) is the thermally averaged cross section (times rel- 
ative velocity) for annihilation of X pairs into lighter 
particles. In typical models, mx ^ 100 — 1000 GeV, and 
T/o ~ 5 - 50 GeV. 

While freeze-out signals the departure of WIMPs from 
c/iemicaZ equilibrium, it does not signal the end of WIMP 
interactions. Elastic and inelastic scattering processes of 
the form X f Xf or Xf X' f keep the dark mat- 
ter in kinetic equilibrium until later times (lower tem- 
peratures) 1^ Q . Here / and /' are SM particles in 
the thermal bath (leptons, quarks, gauge bosons) and 
X' is an unstable particle that carries the same con- 
served quantum number as X. The temperature Tkd of 
kinetic decoupling sets the distance scale at which linear 
density perturbations in the dark-matter distribution get 
washed out — the small-scale cutoff in the matter power 
spectrum. In turn, this small-scale cutoff sets the mass 
Mc of the smallest protohalos that form when these very 
small-scales go nonlinear at a redshift z 70. There may 
be implications of this small-scale cutoff for direct 5] and 
indirect detection. 

Some early work assumed that the cross sections for 
WIMPs to scatter from light particles (e.g., photons 
and neutrinos) would be energy independent, leading to 
suppression of power out to fairly large (e.g., galactic) 



scales. However, in supersymmetric models, at least, 
the relevant elastic-scattering cross sections drop precip- 
itously with temperature, resulting in much higher Tkd 
and much smaller suppression scales If the annihi- 
lation cross section of WIMPs into light fermions goes 
as (Tq ~ g^/m^, then one expects the scattering cross 
section to be as — gjE'^/m'^, where E is the energy of 
the scattering light particles, and ga gs up to factors 
of order unity. This estimate has been used to derive Tkd 
and infer that the minimum protohalo mass is Mc ^ M® 
0, 0, Q- However, to date, no detailed calculation of 
Tkd and Mc in supersymmetric or other models consis- 
tent with experimental and cosmological data have been 
performed. 

In this Letter, we calculate the kinetic-decoupling tem- 
perature Tkd of WIMP dark matter in models that ac- 
count for the correct cold-dark-matter density while re- 
maining consistent with laboratory constraints. We con- 
sider models within the minimal supersymmetric exten- 
sion of the standard model (MSSM) and models with 
universal extra dimensions (UED). Instead of relying on 
heuristic arguments or toy models, we use the detailed 
scattering cross sections of WIMPs, including resonances 
and threshold effects, both for the WIMP relic abun- 
dances and for Tkd. The main result of our analysis is 
that Tkd niay range all the way from tens of MeV to sev- 
eral GeV. These Tkd imply a range Mc ~ 10"*^ M® to 
Mc ~ 10^ Mq, where we use the estimate 



Mc ~ 33.3(Tkd/10 MeV)" 



Mfl 



(1) 



which accounts for both the acoustic oscillations im- 
printed on the power spectrum by the coupling between 
the dark matter and the relativistic particles in the pri- 
mordial plasma prior to kinetic decoupling and the cutoff 
due to free-streaming of dark matter after kinetic decou- 
pling. Although we focus on particular WIMP scenarios, 
we expect the range of Mc derived here will be charac- 
teristic of most particle-physics models that can accom- 
modate the required relic abundance of thermal WIMP 
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B: mSUGRA, focus point region 
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FIG. 1: Neutralino-electron scattering cross section as a func- 
tion of the electron energy Ei for the four benchmark models 
A-D discussed in the text. 



dark matter. 

We define from r^(rkd) = ^fH^kd) "4^, where 
H(T) is the Hubble expansion rate, and the relaxation 
time r,. is 



ni (T, mi ) aix {T){T/ mx ) ■ 



(2) 



Here, ni{T,'mi) ^ is the equihbrimn number density 
of the relativistic particle species / (the true mass depen- 
dence can be crucial here for some of the species under 
consideration such as the fx and r leptons), aixiT) is the 
thermally averaged scattering cross section of the WIMP 
X off Ts, and the factor {mx/T)~^ counts the number 
of scatters needed to keep the WIMPs in kinetic equilib- 



rium. Here, we consider I £ {i 



■} and 



neglect the scattering off light quarks. This is well jus- 
tified for temperatures Tkd ™7r < ^qcD: as the scat- 
tering of WIMPs off mesons and hadrons is suppressed 
with respect to their scattering off light leptons by the 
relative abundance of the species in the thermal bath. In 
fact, in some cases, we find Tkd ^ mm and strictly speak- 
ing in these cases a detailed model for the confinement 
mechanism should be included. Here, we neglect these 
effects and give what can be regarded, in this regime, as 
an upper limit to Tkd (taking into account the scattering 
off strongly-interacting particles would in fact decrease 
Tkd). 

In the case of supersymmetric models, the scattering 
of neutralinos (x's) off leptons proceeds through sfermion 
and gauge-boson exchange. The relevant cross sections 
have been computed in Ref. Q for the case of neutralino- 



neutrino scattering. We extend here the results of Ref. [3 
to include charged-lepton scattering, where further dia- 
grams (involving both right- and left-handed charged- 
slepton exchange) as well as novel interfering amplitudes 
appear. The scattering cross section a^i goes as Ef 0, 
modulo resonant channels where the exchanged slepton 
mass is quasi-degenerate with the neutralino mass. In 
this latter case, the slepton width has to properly be 
taken into account in the computation of a^i{T). 

We show our results for the neutralino-electron scatter- 
ing cross section as a function of energy in Fig. ^ where 
we pick supersymmetric "benchmark" models in the con- 
text of the minimal supergravity (mSUGRA) paradigm 
0. We set for all models (with the usual notation) 
mi/2 = 500 GeV, Aq 0, tan/? = 10, ^ > 0, and 
rrit — 172.7 GeV; in all cases, the neutralino mass is 
around 200 GeV. Model A features mo = 100 GeV, 
and lies in the coannihilation region, where scalar su- 
perparticles are light, and the next-to-lightest supersym- 
metric particle (NLSP) is a t slepton. The latter is, 
here, quasi-degenerate with the lightest neutralino, and 
coannihilation among the two species brings the neu- 
tralino relic abundance into accord with the dark-matter 
abundance. Model B belongs, instead, to the focus- 
point region, where large scalar masses (here, mo = 
2770 GeV) at the grand-unification scale drive the hig- 
gsino mass parameter fi to low values at the weak scale 
through renormalization-group evolution and radiative 
electroweak-symmetry breaking. A low value of implies 
a mixed higgsino-bino dark-matter particle, which again 
can produce a thermal relic abundance in the cosmolog- 
ical density range. Heavy sfermions imply that scatter- 
ing off light fermions proceeds through Z° exchange, and 
the resulting a^i is suppressed with respect to the light- 
sfermion case (model A) by almost four orders of mag- 
nitude. 

We also examine models that exhibit the effects 
of sfermion resonances in neutralino-lepton scattering. 
We modify model A, lowering the soft-supersymmetry- 
breaking left-handed slepton masses of the first two gen- 
erations, in order to get Amj;^ = mj;^ — m^ ~ 
Am^^~^^ ^ 1 GeV (model C) and^O.Ol GeV''(model D). 
These models can be motivated in the context of exten- 
sions of MSUGRA with non-universal scalar masses (see, 
e.g., Ref. 0). At sufficiently small temperatures, a^i oc 
Ef is recovered, but for T > Amj;, a^i ^constant, and 
is simply set by the neutralino mass and by the relevant 
neutralino-lepton-slepton couplings {a^i oc jg^yj^/m^). 

Another class of WIMP models that has recently re- 
ceived considerable attention is that arising in the con- 
text of universal extra dimensions (UED) 10]. In mini- 
mal setups, UED features a stable lightest Kaluza-Klein 
particle (LKP) whose nature is model dependent. Can- 
didate LKPs include the first Kaluza-Klein (KK) exci- 
tations of the U{1) gauge boson and the neutrino (S'-'^' 
and v^^^ respectively). Precision electroweak measure- 
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FIG. 2: Feynman diagrams contributing to the scattering of 
u^^^ (a) and S'^' (b.l and b.2) ofT leptons. 



ments the LKP relic abundance [l^l, and direct- 

detection experiments iSl strongly constrain the viable 
ranges of masses for LKPs. However, the allowed range 
of masses for the LKP sensitively depends upon the de- 
tails of the spectrum of the first and second KK ex- 
citations, which can include significant coannihilation 
and resonant-annihilation effects. We compute here the 
scattering cross section of i^*-^-* and of i?*^^^ off leptons, 
for which the relevant Feynman diagrams are shown in 
Fig- El In the case of the B^^\ we expect large scatter- 
ing cross sections, since the intrinsically degenerate na- 
ture of the KK spectrum, where ?ti^(i) ~ mi^i^i), clearly 
enforces a resonant enhancement. We find, to leading 
order in Ei/mx, and in the relativistic limit for I and 
non-relativistic limit for the LKP particle, that 
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FIG. 3: The kinetic-decoupling temperature Tkd as a function 
of the WIMP mass for supersymmetric models (red empty 
dots are for the general MSSM while light-blue filled dots are 
for mSUGRA) giving a neutralino thermal relic abundance 
consistent with cosmology, and for UED models featuring a 
B'^-* and a u^^'' LKP. The four benchmark models A-D dis- 
cussed in the text are also shown. 
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where gn^L stand for the L and R couplings of the lepton 
I to the Z° gauge boson, Yrx for the hypercharge quan- 
tum number, and (7^(1)^(1)2 = e/{shi20w)- The ctx! oc Ef 
scaling found in the case of neutralino dark matter is 
valid for this alternative class of WIMPs as well. In 
the case of the KK neutrino, further, (Jy{i)i does not 
depend on the LKP mass. We stress that consistency 
with direct-detection experiments requires m^{i) > 50 
TeV 3|- While this latter range is in conflict with es- 
timates of the thermal relic abundance of v^^'' the 
particle properties of the latter, assuming the coupling 
g^{i}^{i)z with the Z^, to be a free parameter instead of 
being fixed by the standard gauge interactions, apply to 
other dark-matter candidates including the Dirac right- 
handed neutrino of 5D warped grand unification 14]. 

Different WIMP models give rise to different Tkd, 
and therefore to different Mc. We apply our elastic- 
scattering cross section for WIMPs from light leptons 
to the MSSM parameter space, following the scan pro- 
cedure of Ref . J^] , requiring that the neutralino density 
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FIG. 4: The WIMP protohalo characteristic comoving 
wavenumber fee (left axis) and mass Ale (right axis) as a func- 
tion of the WIMP mass, for the same models as in Fig. |^ 
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falls within the WMAP 2cr range for the dark-matter den- 
sity jlgj. Figs. 13 and ^ show our results for Tkd and for 
Mc, respectively, versus the WIMP mass. We also scan 
over a subset of the MSSM, defined by the mSUGRA 
setup: the results of this second scan are shown as light 
blue filled dots in the figures. Finally, we indicate the 
range of results expected for a B^^^^ and a i^'^^-' LKP. 
We set the KK spectrum according to the minimal UED 
prescription for radiative corrections to the KK masses 
setting the cutoff scale 2 < Ai? < 200, and show- 
ing the "standard" Ai? = 20 case with a black solid 
line. We also indicate the four benchmark models of 
Fig. n discussed above. We conclude that (1) in most 
SUSY models, 10 < Tkd/MeV < 4000, but even lower 
values can be attained with finely-tuned resonant chan- 
nels; (2) the expected range of Mc varies over the wide 
range IQ-^ < Mc/M(^ < lO^; (3) B^^) LKPs typically 
decouple later than neutralinos (around 10 MeV for val- 
ues of mg(i) preferred by the thermal relic abundance 
and by electroweak measurements); and (4) X particles 
scattering off light leptons through a Z° exchange with 
a coupling equal to gxxz produce protohalos with mass 
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Since the relevant quantities for WIMP-nucleon scat- 
tering and for the annihilation of WIMPs into gamma 
rays or antimatter are typically poorly correlated 
with WIMP-lepton scattering, conventional dark-matter- 
detection rates cannot be simply related to Tkd. However, 
we point out that low Tkd imply large WIMP-lepton scat- 
tering cross sections and may produce sizable signals at 
future electron accelerators using the search technique 
recently proposed in Ref . |0| . If the masses of the slep- 
tons and neutralino can be measured by future colliders 
then, if Am is small enough, the beam energy of a future 
electron accelerator might be tuned to -Eboam — Am, en- 
abling resonant s-channel scattering of neutralino dark- 
matter. The scattered electrons could then be detected 
by calorimeters or tracking chambers along the beam 
line. This technique would also reveal information about 
the dark-matter velocity distribution 0. As a rule of 
thumb, more than one event per year is expected at a fu- 
ture electron collider with 100 m of detector length and 
10 A of beam current if Tkd 10 MeV; in the extreme 
case of Tkd ~ 1 MeV, the expected event rate per year 
could be as large as ~ 10^! 

The temperature Tkd in WIMP models has a critical 
impact not only on the size distribution of primordial 
protohalos expected in A^-body simulations of structure 
formation but also for potential effects in WIMP 
direct and indirect detection induced by dark matter 
clumps or streams, or in the anisotropy of the cosmic 
gamma-ray background induced by WIMP annihilations 
[g. Accounting for the wide range of possibilities con- 
sistent with detailed WIMP models should therefore be 



regarded as an essential ingredient for future studies in 
this field. 
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